Knowledge of initial water saturation is vital to estimate original oil in place. In addition, accurate estimation of permeability is necessary to select perforation intervals, layers for fluid injection, and to forecast production. Reliable assessment of these two petrophysical properties is possible when rock-core measurements are available. However, such measurements are not always available, and if they are, their reliability is sometimes questionable. This paper describes a new inversion methodology to estimate connate water resistivity (R w ) and Archie's cementation exponent (m), from the combined use of borehole raw array-induction resistivity measurements and spontaneous potential (SP) in water-bearing intervals. Combined inversion of resistivity and SP measurements is performed assuming a piston-like invasion profile. In so doing, the reservoir is divided into petrophysical layers to account for vertical heterogeneities. Inversion products are values of invaded and virgin formation resistivity, radius of invasion, and static spontaneous potential (SSP). Connate water resistivity is calculated by assuming membrane and diffusion potentials as the main contributors to the SSP. Archie's or dual-water equations enable the estimation of m.
This paper describes a new inversion methodology to estimate connate water resistivity (R w ) and Archie's cementation exponent (m), from the combined use of borehole raw array-induction resistivity measurements and spontaneous potential (SP) in water-bearing intervals. Combined inversion of resistivity and SP measurements is performed assuming a piston-like invasion profile. In so doing, the reservoir is divided into petrophysical layers to account for vertical heterogeneities. Inversion products are values of invaded and virgin formation resistivity, radius of invasion, and static spontaneous potential (SSP). Connate water resistivity is calculated by assuming membrane and diffusion potentials as the main contributors to the SSP. Archie's or dual-water equations enable the estimation of m.
We successfully applied this combined estimation method to two data sets acquired in clastic formations. One data set corresponds to a high-permeability, lowsalt concentration reservoir and the second set is associated with a high-permeability, high-salt concentration formation. Values of R w and m yielded by the inversion are consistent with those obtained from Pickett's plots, thereby confirming the reliability of the estimation. Results are used as input to estimate water saturation in hydrocarbon-bearing intervals. Accurate estimation of initial water saturation allows us to apply the physics of mud-filtrate invasion to estimate permeability. By progressively modifying permeability and performing multiple mud-filtrate invasion simulations we are able to match borehole resistivity measurements, thereby obtaining the estimate of absolute permeability. In a vertically heterogeneous formation, the estimated permeability increases between 25% and 85% with respect to the initial-guess in the most prospective intervals. The method described in this paper is an efficient alternative to perform petrophysical analysis of exploratory and appraisal wells wherein rock-core measurements may not be available.
INTRODUCTION
Initial water saturation in a hydrocarbon reservoir has an enormous impact on the calculation and production of original oil in place. In addition, permeability is regarded as the most important variable in selecting perforation intervals, layers for injection, and to forecast production. When laboratory measurements (core, water analysis, etc.) are available, these two variables are properly constrained. However, such measurements are not always available, and if they are, their reliability may be questionable. Therefore, there is a strong need for alternative methods to estimate initial water saturation and permeability.
Two of the main parameters needed to calculate water saturation are R w and m, which can be obtained from connate water analysis and special core analysis, respectively. Core measurements are often expensive because they involve the cost of extracting the core sample and laboratory work. Moreover, measurements of water resistivity are difficult due to the need to acquire connate water samples when wells are already in production and water-injection/steam-flood have been applied to enhance production. Fluid samples taken by fluid acquisition tools are often contaminated with mud-filtrate and/or hydrocarbon.
In the early days of formation evaluation, SP and resistivity measurements were the only borehole measurements available for interpretation to log analysts or petrophysicists (Doll, 1949) . Today, with the introduction of modern logging tools, young professionals pay little attention to SP. One of the first physical models of SP was developed using a resistor network (Segesman, 1962) , where dipole layers were simulated using voltage sources. Zhang and Wang (1997 and ) developed a finite-element algorithm to simulate SP measurements using the vector and scalar potential theory. Their algorithm successfully reproduced the resistor model developed by Segesman. In this paper, we simulate SP measurements using Zhang and Wang's algorithm. Our main objective is to use SP measurements to calculate R w and m based on the combined inversion of raw AIT 1 and SP measurements. Values of R w obtained with this method are compared to those obtained with Pickett's plots (Pickett, 1966) .
We use two different data sets acquired in clastic formations to test the estimation method developed in this paper. In one case, raw measurements are available to perform the analysis in a water-bearing interval. The second well displays a down-dip interval below a possible water-oil-contact and was logged using dual laterolog (DLL). The University of Texas Formation Evaluation Toolbox (UTFET) is used to model DLL and to infer the spatial distribution of electrical resistivity in the invaded formation. From this distribution, we simulate raw AIT measurements. Finally, we compare the value of m obtained from core measurements in the second well to that estimated with the combined inversion of SP and resistivity measurements.
RESISTIVITY MODELING AND INVERSION
The purpose of resistivity modeling and inversion is to estimate the invaded zone (R xo ) and virgin zone (R t ) resistivities and the radius of invasion (r inv ) from raw array-induction conductivity measurements. Figure 1 shows the earth model assumed in the simulations. Initially, we assume a single-layer case and a pistonlike radial profile of invasion. The system is bounded at the top and bottom by shale beds (shoulders) with resistivity R shtop and R shbot , respectively. Also, the model is bounded by a borehole with fluid resistivity equal to R m and the virgin zone whose resistivity is one of the main inputs necessary to estimate water saturation.
An induction tool measures formation resistivity by inducing low-frequency electric currents into the formation surrounding the borehole. The simulation of induction measurements assumes a 2D axial-symmetric model where current loop sources are located at the center of the borehole. We use the Numerical-Mode Matching Method (NMM) to perform the corresponding simulations (Chew et al., 1984; . On the other hand, the inverse problem of raw array-induction measurements is approached with 1 Mark of Schlumberger the distorted Born iterative method (DBIM) (Chew and Liu, 1994) . Appendix A describes the process of modeling and inversion of array-induction resistivity measurements. 
MODEL OF SPONTANEOUS POTENTIAL
The SP has four main components (Hallemburg, 1971) : the diffusion potential, the membrane or Nernst potential (known as the electrochemical components), the electro-kinetic or streaming potential, and the oxidation/reduction phenomenon (redox). Electrokinetic and redox components are negligible in borehole applications compared to the electrochemical components. In this paper, we focus our work exclusively to the diffusion and membrane potentials.
The total potential measured by a borehole SP tool is primarily the algebraic sum of the membrane and diffusion potential components (Wyllie and Southwick, 1954) . In a permeable zone at borehole conditions, the maximum potential (in absolute value) is known as the static SP (SSP). The SSP at borehole conditions is measured with respect to a shale baseline (Pirson, 1963) and in mV units is given by 460 70.7 log 537 electromotive force due to electric dipole layers distributed along the borehole wall, invasion fronts, and formation boundaries. In this study, vector potential theory (Zhang and Wang, 1997 and ) is used to compute SP in a water-base mud-filled borehole. Accordingly, electric dipole layers that could extend to infinity are replaced by magnetic current rings located at the intersection points of the borehole wall, invasion fronts, and formation boundaries. In cylindrical coordinates (r,z), the governing equation is given by
where V is the electric potential, R the electrical resistivity of the formation, and r s and z s the radial and vertical position of a source in the meridian plane representing a magnetic current ring in 3D space. We use the 2D finite-element method to solve this problem with a front solver to expedite the solution of the resulting linear system of equations.
Results from resistivity inversion are used as the main input to the inversion of SP measurements. The algorithm also considers mud resistivity, borehole radius, and layer boundary positions for both resistivity and SP inversion. Inversion of SP to obtain SSP from field data is posed as a linear problem and solved using the singular value decomposition (SVD) method. Figure 2 shows a multi-layer earth model (heterogeneous formation) assuming three invaded layers with different radii of invasion and resistivities for each cylindrical and vertical layer. The resistivity at each block (R xo and R t ) and the SSP at each layer boundary are the final results obtained with the combined inversion of SP and resistivity measurements.
ESTIMATION OF R w AND m
Field SP data, AIT raw measurements, borehole, and mud data are used as inputs for the combined SPResistivity inversion. Resistivity inverted results are input for SP inversion. In order to estimate connate water resistivity, the inversion is carried out in a wet sand interval. Once the SSP is obtained at each layer boundary from the inverted SP, the equivalent water resistivity is computed with the maximum negative SSP via equation (1). Subsequently, an empirical correlation from log interpretation charts (Schlumberger, 1991; Bigelow, 1992 ) is used to estimate R w , namely, In our method we assume the formation water as a solution of NaCl. Therefore, equation (2) is not valid for all types of formation water or waters with high salt concentration (above 220 kppm). Additional transformations need to be applied for the case of water with components other than NaCl (Bigelow, 1992) .
For the estimation of the cementation exponent, we initially assume a clean (shale-free) 100% water saturated clastic sequence. Archie's equation (Archie, 1942 ) is used to compute the cementation exponent without specific adjustments for presence of shale, as follows:
where a is the tortuosity factor and φ is the interconnected porosity taken as an average in the interval of analysis. On the other hand, when shaliness is considered, we use the dual-water model for shaly sands (Clavier et al., 1984) since several of its governing parameters can be calculated from well logs (Dewan, 1983) , namely,
where S b and R b are bound water saturation and bound water resistivity, respectively. Equation (4) is valid in wet sands and reduces to equation (3) in clean sands (where S b = 0). Figure 3 is a flow diagram that summarizes the steps used to estimate connate water resistivity and cementation exponent via the combined inversion of resistivity and SP measurements. 
FIELD CASES OF STUDY
The cases under analysis correspond to fairly clean clastic formations from different locations of the world. Both rock formations are 100% water-saturated, with Formation No. 1 (hereafter referred to as F-1) having high salt concentration (>100 kppm) whereas Formation No. 2 (hereafter referred to as F-2) has a low salinity (<15 kppm). Table 1 is a summary of the thickness and average petrophysical properties of each formation. Figures 4 and 5 display the well logs and estimated porosity and permeability for F-1 and F-2, respectively. Well logs include gamma ray (GR), SP, and AIT resistivity (2-foot vertical resolution) for F-1 and Dual Laterolog (LLS, LLD) and MSFL 2 (Microespherically Focused Log) for F-2. Porosity is computed from density-neutron logs via a non-linear dual-mineral (shale-quartz) model and permeability from a modified Timur-Tixier equation (Balan et al., 1995) . Water saturation (S w ) is not shown here since both formations are completely water-saturated (S w =100%).
Combined Inversion: In Formation No. 2, AIT resistivity measurements were not available. Therefore, we use the physics of mud-filtrate invasion to reproduce the spatial distribution of electrical resistivity (Salazar et al., 2006) in the interval of analysis. As a result of the simulation of mud-filtrate invasion, we obtained spatial distributions of water saturation, salt concentration ( Figure 6 ), and electrical resistivity ( Figure 7 ) via Archie's equation at a desired time frame. Finally, AIT measurements were modeled using the spatial 2 Mark of Schlumberger distribution of electrical resistivity with the NumericalMode Matching Method . Only raw AIT modeled data were used to perform the combined inversion of SP and resistivity measurements.
To proceed with the combined Resistivity-SP inversion, Formation No. 1 is divided into three petrophysical layers, whereas Formation No. 2 is divided in two petrophysical layers or flow sub-units. Layer selection is based upon main resistivity changes and petrophysical properties (porosity-permeability). For resistivity inversion, inputs are layer boundaries, borehole radius and conductivity, and raw AIT conductivity data. Inversion results are values of R xo , R t , and r inv for each layer, which are additional inputs to the SP inversion. Once the inversion is finished, we obtain values of SSP at each layer boundary. Table 2 and show the results of resistivity inversion together with the SP simulation for each formation. (Pickett, 1966) . Figure 10 
ASSESSMENT OF WATER SATURATION AND PERMEABILITY
Formation No. 3 (hereafter referred to as F-3) is the zone of interest for this analysis, which corresponds to a deeper interval of the well penetrating Formation No. 1. The well penetrates a North Louisiana tight-gas sand formation subject to water-base mud-filtrate invasion. Ideally, in a formation penetrating a water zone, we would directly use the results of the inversion (R w and m) to estimate water saturation in the upper hydrocarbon zone. However, the geological characteristics of F-3 are different from those of F-1. Therefore, parameters used to calculate water saturation are slightly different for F-1. Table 5 shows the values used in the assessment of water saturation. The methodology, parameters, and simulation approach used to compute water saturation, porosity, initial guess of permeability, and permeability from resistivity matching, are described by Salazar et al. (2006) . Figure 11 shows results of the petrophysical assessment, including porosity, initial water saturation, and permeability.
Permeability Assessment via the Simulation of MudFiltrate Invasion:
Either resistivity matching or inversion (Salazar et al., 2005; Salazar et al., 2006) using the physics of mud-filtrate invasion are alternative methods for estimating permeability. In this paper, we use the method of manual resistivity matching which does not require the use of numerical inversion.
For the purpose of manual resistivity matching, we simulate the process of two-phase flow of water-base mud filtrate invading a partially gas-saturated formation. This problem is modeled as convective transport of aqueous and hydrocarbon phases, and components of water, hydrocarbon, and salt concentration (Alpak et al., 2003; Wu et al., 2005) . Upper, lower, and external boundaries of the formation enforce no-flow conditions. We also account for the effect of capillary pressure and relative permeability as well as gravity effects in the mixing region. Modeling of multi-phase and multi-component fluid-flow is performed with The University of Texas' Formation Evaluation Toolbox (UTFET) which is a finitedifference, axial-symmetric reservoir simulator developed specifically for the simulation of mud-filtrate invasion. In the first stage of the simulation, a constant flow rate, obtained as the time average of the flow rate yielded by the FET, is imposed at the borehole wall for each numerical layer as a fixed source condition. Based on field reports, the zone under analysis was exposed between 3-5 days to mud-filtrate invasion. We calculate our results assuming 4 days of invasion. Table 6 describes the main mud parameters used to simulate the process of mud-filtrate invasion. The main outputs of the simulation are the spatial distributions of water saturation and salt concentration, which are used to calculate electrical resistivity via Archie's equation. The next stage is the modeling of array-induction measurements from the spatial distribution of electrical resistivity. We use the numerical mode-matching method to approach this task. The fluid-flow simulator is coupled to the resistivity modeling code via a userfriendly interface. At the end of resistivity modeling, field AIT resistivity measurements are compared to those obtained from the simulation. If there is no agreement between the two data sets, we modify the permeability of each petrophysical layer and perform the simulation again. This process is repeated several times until reaching an acceptable match between field and simulated resistivity.
In order to account for vertical heterogeneities in the formation under analysis, we subdivided F-3 into nine flow sub-units (horizontal layers). Such subdivision was based on observed permeability-porosity and resistivity changes. Table 7 describes average petrophysical properties such as porosity, initial water saturation, and initial estimate of permeability obtained from the petrophysical assessment. These properties are considered constant in the radial direction away from the wellbore for each flow sub unit. By dividing the reservoir into several layers, we honor the fact that capillary pressure and other petrophysical properties are specific to each layer. Accordingly, the flow rate of mud-filtrate invasion is also different for each flow sub unit. Figure 12 shows the results of the simulation of the process of mud-filtrate invasion after the initial permeability of each layer was modified to match the array-induction resistivity measurements. Figure 13 shows 2-foot vertical resolution AIT curves simulated before and after manually changing the values of layer permeability, as well as a comparison between initialguess and matching permeability. Figure 14 compares simulated and field AIT measurements (2-foot vertical resolution). We observe a good match for R60 and R90 curves and a fair match for the R10, R20, and R30 curves. The presence of a resistivity annulus and deep invasion makes the matching even more challenging as one can observe in the upper-most and lower-most layers of the formation.
Based on this analysis, we note that permeability calculated from a modified Timur-Tixier equation is underestimated in the most prospective zones of the formation. The new permeability obtained via resistivity matching is between 25% and 85% larger than the initial-guess permeability obtained with a conventional Timur-Tixier model. Permeability values obtained with the method of resistivity matching are in the same order of magnitude as those measured from rock-core samples acquired in a nearby field penetrating the same formation (Luffel et al., 1991) .
Figure 14:
Comparison of field and simulated array-induction resistivity curves after resistivity matching for five radial lengths of investigation. The match was secured after five manual modifications of layer permeability. Continuous thick curves identify simulated values and thin dashed curves identify field data.
CONCLUSIONS
The combined inversion of resistivity and SP measurements is a reliable method to estimate R w and m in wet formations. Results obtained from the inversion were consistent with those obtained from Pickett's plots. The difference between the estimates obtained with the two methods was of the order of 10%. When shaliness was considered in the estimation of m, results also showed dependence on salt concentration, yielding higher values of m in low-salinity formations and lower values of m in high-salinity formations.
The values obtained from inversion provided a starting point to accurately estimate water saturation and layerby-layer permeability via resistivity matching. In general, the calculated values of layer permeability were approximately 25%-85% higher than those of the initial-guess permeability. The combined inversion method is highly recommended in zones where NaCl is the most abundant salt component and where connate salt concentration does not change in short depth intervals. This method of inversion works very well in high-permeability thick formations and connate water with high salt concentration.
In zones where the most abundant salt components are different from NaCl (e.g., CaCl 2 , KCl, etc.) equation (1) is not valid. In addition, when the salt concentration of mud-filtrate and connate water are similar, the deflection of the SP curve is marginal, and therefore, the inversion method is not recommended. In lowpermeability (< 5 md) formations the electrokinetic components of the SP may become important for the total contribution to SSP and may need to be considered before applying the inversion method explained in this paper.
In the absence of water zones, resistivity inversion can still be used to obtain R xo and R t for an accurate calculation of initial water saturation. This calculation method can be useful in the petrophysical assessment of exploratory and appraisal wells that are normally devoid of core and laboratory measurements.
where I is the electric-current intensity, δ is Dirac's delta function, ω is angular frequency, We assume a piecewise-constant spatial distribution of electrical conductivity, i.e.,
homogeneous medium is equal to 0.001 S/m. The above strategy greatly reduces the computer cost required by the calculation of derivatives.
The multiplicative regularization technique (Habashy and Abubakar, 2004) allows us to calculate the regularization parameter with the relationship ( )
where β is a constant that can be determined with numerical experiments and in our case is equal to 2.0. In thick formations (over hundreds of feet long) containing many layers, the inversion process acts as a window sliding over the data set layer-by-layer. This is possible because induction is primarily a localized measurement, namely, the apparent conductivity is mostly affected by the media close to the measurement point whereas the effect of media far from the measurement point is comparatively small.
Results obtained from the inversion of resistivity for each layer (R xo , R T , and r inv ) are the main inputs for the inversion of SP measurements. The inversion of SP is posed as linear problem and we use the SVD method to solve the system of equations. Finally, we obtain the value of SSP at each layer boundary. The maximum SSP in absolute value is used to calculate connate water resistivity as previously explained in this paper. 
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